In a current research project funded by the German Research Society (DFG) the lowstrain integrity method is investigated to gain improved results in terms of localisation and identification of structural defects in piles. Variations of measurement gauges and impact hammers are examined especially to cover the high frequency content of the impact vibrations. To widen the limits of application the development of analysis algorithms is a central part of the research. The up to date analysis consists solely of the visual interpretation of the velocity signal gained from the acceleration signal measured. To increase the objectivity of the results analysis algorithms are necessary. Those algorithms based on the physical behaviour of the stress wave propagation also include additional information from site investigation and pile installation.
Introduction
Due to the rising number of highly loaded piled foundations quality assurance becomes more and more important. This stands not only for the quality assurance of the construction processes and the final product but also for the quality assurance of the testing procedures themselves. In the following paper the current developments in the praxis and analysis of dynamic pile tests being either low-strain integrity tests or high strain capacity tests are described.
The Institute for Soil Mechanics and Foundation Engineering of the Technical University of Braunschweig, Germany (IGB·TUBS) has performed extensive research in the improvement of testing practice and analysis of low-strain integrity tests. Large scale model tests and numerical simulations were performed to gain knowledge on the influence of the impact on the stress wave propagation and therefore on the analysis opportunities. The stress wave propagation was investigated using extended instrumentation. Therefore special transducers based on strain gauges were developed and installed into large scale model piles as described below.
Developments in low-strain integrity testing
To judge the integrity of piles a variety of methods is used. In the following the lowstrain integrity test method, based on the measurement of the stress wave propagation in the pile induced by the impact of a hammer stroke, is investigated. Reflections of the induced stress wave occur not only at the pile tip but also along the pile axis at locations of changes of the pile impedance (figure 1). The impedance is a function of the cross sectional area, the modulus of elasticity, the wave speed in the pile material and of the soil damping. Changes of the pile impedance can therefore be caused by changes of the cross sectional or the material properties. The generated wave reflections are localised in the measured signal and permit statements on pile length and the location of changes of pile impedance. Equipment requirements. The accuracy of the results of the low-strain integrity test method is highly dependent on the measurement equipment. In general it consists of: amplifier analog digital converter control and memory unit accelerometer impact hammer
In a research project funded by the German Research Society (DFG) the IGB·TUBS the requirements and influences of all components are investigated and the possibilities of measuring high frequency content of the hammer impact are examined.
The choice of a suitable accelerometer and its coupling to the pile surface is of the same importance as the influence of the impact hammer. Whether the total frequency range is transmitted to the gauges and if it is covered by its measurement range is dependent on the efficiency of the accelerometer coupling to the pile surface. The resulting frequency resolution governs the capabilities of defect resolution along the pile provided that the impact frequency is sufficiently high.
Measurements on model piles show the transmitted frequency content depending on the coupling of accelerometer and pile surface (figure 2). The frequency content is increasing with growing rigidity of the coupling. The nature of the impact is an important factor for the quality of the results. Therefore the impact has to be adopted in accordance to the measurement duty, taking into account the length determination and the best possible resolution of defects.
In contrast to harmonic excitation the impact contains no discrete but a continuous frequency response with a limit frequency as an upper bound for the frequency content. From the limit frequency f limit and the existing wave speed c the limit wave length is calculated: l limit = c/f limit . In laboratory measurements the relationship of limit wave length and defect resolution is shown. Besides the investigation of different defect shapes different impact types are applied. Figure 3 shows the time and frequency domain of the impact of two hammers with different hardnesses. Apart from the required defect resolution the optimum impact time is limited by the geometry of the pile. The upper bound is governed by the pile length and the lower bound by its diameter. When the frequency content of the impact becomes too high, disturbances due to transverse vibrations occur.
Extended instrumentation -large scale model tests. Usually the test is performed by applying an accelerometer at the pile top surface. Quality and accuracy of the results can be improved by the use of extended instrumentation. During the large scale model tests special strain gauges along the pile axis were used to increase the information content of the result. The gauges are specially developed non recoverable high frequency strain gauges (figure 4). To be of practical use the gauges are relatively cheap and easy to handle. They have to be installed before pile concreting. In each of several test piles three strain gauges were installed. The results of the test pile investigations are shown in the following sections. Figure 4 . High frequency strain gauges Defect resolution. To investigate the maximum defect resolution of low-strain dynamic pile tests large scale model tests on reinforced concrete piles were carried out. Different shapes and magnitudes of defects were applied to the model piles (figure 5). The tests were performed with and without the embedment of the pile in surrounding soil. As already described the extended instrumentation was used and the influence of different impact hammers was examined. Figure 5 . Defect shapes at model pile 3
The analysis of the measurement signals of accelerometer and strain gauges is focussed on the determination of the position of the defect along the pile axis, its depth, i.e. the magnitude of cross section reduction, and the width of the applied defect. Furthermore the resulting wave speed was determined in each segment of the pile by the use of additional strain gauges. Figure 6 shows an example of the measurement signals. From the investigations the connection of defect resolution and impact frequency content is determined. The limit wave length is calculated from the limit frequency f limit = 1/t impact . From the investigations a critical defect width l defect can be found as:
At smaller defect widths or lower frequency contents the maxima of the wave reflections are shifted and the exact determination of the defect width is not possible. With rising overlapping of wave reflections the determination of the defect itself becomes more difficult and finally impossible.
Defects influence the measurement signal due to reflections of the stress wave. In addition the laboratory tests showed a reduction of the overall wave speed in the presence of pile defects. The magnitude of the wave speed reduction is dependent on the defect width and depth (figure 9). The observed overall wave speed reduction is caused by the local reduction of the wave speed consisting of different wave portions (compression and shear wave) in the area of the geometry change [Kalinke (1998) ]. Therefore the overall wave speed cannot be determined accurately. To gain more information about the relationship of wave speed reduction and defect geometry extensive numerical simulations are performed.
Influence of surrounding soil. Apart from pile geometry and material the interaction of the pile with the surrounding soil influences the stress wave propagation. In the following the soil influence is determined by in-situ tests on piles without defects. From existing ground investigation consisting of SPT, CPTE and borings a damping profile is established and used for the numerical simulation of the stress wave propagation. The signal matching of measured and computed velocity at the pile top is performed by the variation of the damping parameters. The analysis is done by a FEM model in which all essential effects of the soil influence are covered. The model includes dynamic soil resistance by viscous damping along the pile axis [Plaßmann (1997) ].
The following example illustrates the influence of the surrounding soil on the measurement signal and the results of the simulation. A 20,5 m long, prestressed concrete pile is tested before and after driving in sand and boulder clay. Figures 10 and  11 show the velocity signal and the results of the FEM-simulation. In order to evaluate the measured wave reflections information on the in-situ ground conditions are necessary. Figure 12 shows CPT results near the pile location. After approximately 8 m of filling a 9 m thick sand layer followed by boulder clay is encountered by borings. It can be seen that the reflections in the low-strain integrity test signal coincide with the presence of stiffer material in the ground. From the field measurements and the numerical simulations the effect of the soil on the signal becomes obvious. On the one hand the stiffer material causes an impedance increase. On the other hand the soil damping results in a reduced amplitude of the pile toe reflection.
Further objectives. Apart from the simulation of low-strain integrity tests by numerical analysis system identification by the use of the measured signal is the subject of current research. The use of correlation algorithms and identification in the frequency domain are investigated to allow for the automated system identification. The findings of the research on the damping behaviour flow into the identification process. Currently a forward method of the error estimation by least squares and similar techniques are used. In these algorithms the information from site investigation as well as from pile installation is included.
A further point of interest is the application of low-strain integrity tests to other structures of specialised ground engineering such as jet-grouting columns, deep soil mixing columns, bored pile walls or diaphragm walls. In some applications not only the structural integrity but the tight contact and the quantity of embedment is of special interest, for example behind the tunnel facing or below shallow foundations. Here the low-strain integrity test is comparable with the so called impact echo method. At numerous in-situ measurements the IGB·TUBS was able to gain knowledge on the application of the low-strain testing method on those structures. For further information refer to Plaßmann & Kirsch (2000) or Rodatz (2001) .
High-strain testing practice
Quality assurance in pile capacity determination. There are different approaches to measure the bearing capacity of a pile with dynamic methods. They differ in the time of testing and the total number of applied test-strokes. The most common method for capacity evaluation is the restrike test, which can be performed on driven as well as on bored piles. With driven piles there is also the possibility to perform end-of-driving tests. Both restrike and end-of-driving tests are evaluated using signal matching algorithms for example the CAPWAP procedure (DGGT (1998)). Finally the whole process of pile driving can be monitored with accelerometers and strain gauges to have a continuous dynamic measurement over depth. The evaluation of the signals can by done online with the CASE method (DGGT (1998)). These options help to optimise and control the procedures of installing a piled foundation.
The construction can be divided into three stages. In the design stage the results of site investigation measures are used for the pile design which is evaluated in a test field by means of dynamic and if necessary static load tests. The bearing capacity is used to define the safe bearing capacity for the working piles of the foundation. During the installation stage continuous dynamic pile tests are used to proof the capacity of a certain percentage of the working piles spread over the whole area of the construction site. These results are used as an expected bearing capacity for each and every pile. Necessary adjustment to reduced capacity can be done by increasing the pile length or installing additional piles. Finally a certain amount of restrike tests is performed in the final control stage to get the actual capacity value for comparison with the design capacity. Figure 13 gives an overview on the quality assurance procedure. Figure 16 . View on the construction site [Freie und Hansestadt Hamburg (1999)] In the first phase approximately 1300 cast-in-place concrete piles with a total length of 32 km are driven into the ground to support the quay slab and the beam of the gantry crane tracks. In order to speed up the construction of the wall and in particular the front piles these structural elements are placed into 32 m deep trenches and are then driven a further five meters to final position. Quality assurance required continuous control of the bearing capacity by means of dynamic pile tests. The positions of the tests on working piles are marked in figure 16 . The unexpected weak boulder clay caused a discrepancy between design and expected capacity, because half way along the quay wall the piles are embedded into this layer. Therefore an adaptation of the pile shoe design became necessary and its success was proofed by dynamic pile tests. The optimised pile shoe design for the steel pipe piles and the steel profiles are shown in figure 17 . The reduction in bearing capacity and its subsequent regain at pile D182 was object of intense studies. In order to prove that the reduction could be explained not by a general loss of strength of the surrounding soil but by the disturbance of the ground adjacent to that special pile by the recent excavation of the slurry trench, numerical simulation of the construction process was carried out. For the finite element analysis of the subject case the ANSYS program was used.
Due to the spatial nature of the situation a three-dimensional discretisation was necessary. Using the symmetrical nature of the problem the inclined pile D182 was cut in half and the adjacent slurry trench with the surrounding soil and appropriate boundary conditions was modelled as shown in Figure 19a . To model the soil-pile interaction properly areas with high stress gradients were meshed finer than other zones. The finite element mesh consisted of a total of 1988 brick elements with second order shape functions. The soil behaviour is simulated by an elastoplastic constitutive law. The Drucker-Prager yield criterion governs the plastic deformations. The simulation of the construction process is done by a step-by-step analysis beginning with the in-situ stresses, then modelling trench and pile installation and finally the incremental loading of the pile.
The load was applied in steps of 200 kN up to failure. Figure 19b shows the influence of the open trench on the surrounding soil. The shaded areas represent the horizontal displacements of the soil towards the slurry filled trench before pile installation. It is apparent that the pile is located in the area of influence. Two different situations were investigated and the findings were compared with the results of two dynamic pile tests. One took place before and one after the excavation of the slurry trench adjacent to pile D182. With the finite element analysis it was possible to prove that the reduction in the bearing capacity was solely caused by the installation of the slurry trench. The loadsettlement curves gained by finite element analyses as well as obtained from the dynamic pile tests before and after the slurry trench installation are given in Figure 20 . The subject project is an example of extensive use of dynamic pile testing. Adaptation of the pile geometry due to the change of the soil properties became necessary when pile tests revealed insufficient bearing capacity. The quick and economical nature of the dynamic pile testing allows a relatively easy redesign of a piled foundation. The results of dynamic pile tests can be evaluated using a three-dimensional finite element analysis. This allows the explanation of local effects due to different construction stages.
Summary
The current research at the IGB·TUBS revealed new aspects in the field of low-strain integrity testing. The resolution of pile defects as a function of impact type and measurement equipment as well as the influence of the surrounding soil on the signal are quantified. Extended measurement allows the optimisation of the testing process and revealed the relationship of pile defect and changes in the local wave speed. Analysis algorithms and numerical simulations are developed and will allow the automated system identification by the use of the measured signal. Information from prior site investigation and pile installation are included in the analysis algorithms.
The need for an effective quality assurance for deep foundation measures shows the advantages of dynamic pile tests during driving and restrike. A quality assurance programme is introduced and its application at a major northern German construction site is presented. Here the dynamic pile tests show their advantages and the results are used for the just in time optimisation of the different pile types. Numerical simulations of the local conditions help to understand the pile behaviour during different construction stages.
